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DQDO\VHG 7KH UHVXOW VKRZHG WKDW XQGHU WKH KLJK ORDGZRUNLQJ FRQGLWLRQ WKH DSSOLFDWLRQ RI (,9&
VKRZHGEHWWHUSHUIRUPDQFHWKDWWKHIXHOFRQVXPSWLRQZDVLPSURYHGE\ZKLOHWKH/,9&GLGQ¶W
DFKLHYH DQ\ LPSURYHPHQW+RZHYHU XQGHU WKH ORZ ORDGZRUNLQJ FRQGLWLRQ WKH IXHO FRQVXPSWLRQ
UDWHRIWKH/,9&0LOOHUF\FOHHQJLQHZDVGHFUHDVHGE\DQGWKHYDOXHRIWKH(,9&0LOOHUF\FOH
ZDV  >@ 7KURXJK LQWURGXFLQJ WKH 3LORW )XHO ,QMHFWLRQ 3), V\VWHP LQWR WKH 0LOOHU F\FOH
HQJLQH &OHPHQV %UFNQHU IXUWKHU GHYHORSHG WKH LQIOXHQFH RI 0LOOHU F\FOH WR WKH H[KDXVW
SHUIRUPDQFHLQD/ORZVSHHGDQGKHDY\ORDGGLHVHO HQJLQH>@%\WKH$SSDUHQW+HDW5HOHDVH
5DWHV DQDO\VLV $+55 WKH LPSDFW RI WKH (*5 UDWLR WR WKH 12[ HPLVVLRQ RI WKH PHGLXPVSHHG
KHDY\ORDG0LOOHUF\FOHHQJLQHZDVREWDLQHG >@&RPELQHGZLWK WKH VWHDP LQMHFWLRQ WHFKQRORJ\
WKH12[HPLVVLRQ IURPDGLUHFW LQMHFWLRQGLHVHOHQJLQH ZLWK 0LOOHUF\FOHZDVUHGXFHGE\DQG
WKH+&K\GURFDUERQFRPSRXQGVHPLVVLRQZHUHUHGXFHGE\>@
5HVHDUFKHUVDW$8',$*SURSRVHGDQHZW\SHRI/VSDUNLJQLWLRQHQJLQHLQDQGEHQHILWHG
IURP WKH DSSOLFDWLRQ RI 0LOOHU F\FOH WKH PD[LPDO WRUTXH RXWSXW DFKLHYHG ZDV 1ā0 DQG WKH
KLJKHVWVSHHGRIWKHHQJLQHZDVUHSRUWHGWREHUSP>@$IWHU\HDUVRIGHYHORSPHQWIURP
WKHH[SHULPHQWDODQGDQDO\WLFDOSHUVSHFWLYHWKHUHVHDUFKOHYHORIWKH0LOOHUF\FOHWKHRU\KDVDOUHDG\
ULSH>@:LWKWKHHPSKDVLVRQWKHHQYLURQPHQWNHHSVLQFUHDVLQJDVZHOODVZLWKWKHGHYHORSPHQWRI
WKH DXWRPRWLYH LQGXVWU\ WUHQGV WR GLYHUVLI\ 0LOOHU F\FOH HQJLQH ZLOO EH ZLGHO\ SURPRWHG LQ WKH
HQJLQHPDUNHW>@
)URP ZKDW PHQWLRQHG LW LV IRXQG WKDW 0LOOHU F\FOH KDV EHHQ LQYHVWHG LQ SOHQW\ RI SHUVSHFWLYHV
LQFOXGLQJWKH LPSDFW WR%6)&EUDNHVSHFLILF IXHOFRQVXPSWLRQXQGHUYDULRXVZRUNLQJFRQGLWLRQV
12[ DQG +& HPLVVLRQ XQGHU GLIIHUHQW HQJLQH ORDGV ORZVSHHG KHDY\ORDG DQG PHGLXPVSHHG
KHDY\ORDG LQ GLHVHO HQJLQH IRU LQVWDQFH )XUWKHUPRUH VRPH QRYHO PHWKRGV ZKLFK PLJKW EHQHILW
HQJLQH SHUIRUPDQFH ZHUH DOVR WHVWHG VXFK DV IUHH SLVWRQ DQG GLUHFW LQMHFWLRQ 0LOOHU F\FOH
1RQHWKHOHVVWKHUHDUHVWLOOKXJHDPRXQWRIDVSHFWVWRZDUGV0LOOHUF\FOHWKDWKDYHQRWEHHQWDNHQLQWR
FRQVLGHUDWLRQ IRUH[DPSOH&2&2DQGRWKHUSDUWLFXODWHHPLVVLRQVLQERWKSHWURODQGGLHVHOHQJLQHV
DIWHUDSSO\LQJ0LOOHUF\FOHDQGWKHHIIHFWLYHQHVVRIGLIIHUHQWIXHOLQ0LOOHUF\FOHDSSOLFDWLRQ
7KHDLPVDQGREMHFWLYHVRI WKLV UHVHDUFKDUHD LQYHVWLJDWLQJ WKH LQIOXHQFHRI0LOOHUF\FOH WR12[
DQGRWKHUSDUWLFXODWHHPLVVLRQVLQ<$10$57)0RQHF\OLQGHUGLHVHOHQJLQHEWKHLQIOXHQFH
RIWXUERFKDUJHUWR0LOOHUF\FOHLQHPLVVLRQDVSHFWRIWKDWHQJLQHFWKHLQIOXHQFHRIWDNLQJHWKDQRO
DVIXHOLQHPLVVLRQDVSHFW30LVVRUWRIYLWDOSDUDPHWHULQERWKHQJLQHYDOXDWLRQDQGHQYLURQPHQWDO
SURWHFWLRQZKLOHWKHUHLVYHU\OLWWOHLQYHVWLJDWLRQRQ SDUWLFXODWHHPLVVLRQV 7KLVUHVHDUFKZLOO EHDEOH
WRSRLQWRXWWKDWZKHWKHU0LOOHUF\FOHFRXOGLPSURYHWKHH[KDXVWSHUIRUPDQFHHVSHFLDOO\LQ12[DQG
SDUWLFXODWHPLVVLRQ DQGZKHWKHUHWKDQROFRXOGEHFDSDEOHWRUHGXFH12[RUSDUWLFXODWHPLVVLRQLQD
FRQYHQWLRQDOGLHVHOHQJLQH
6LPXODWLRQPHWKRGRORJ\
7KLV SURMHFW ZDV XQGHUWDNHQ ZLWK D <$10$5 7)0 HQJLQH DV WKH SURWRW\SH 7KH UHODWHG
VLJQLILFDQWWHFKQLFDOSDUDPHWHUVDUHOLVWHGLQWKHWDEOH7KHSURWRW\SHHQJLQHPRGHOZDVEXLOWZLWK
5LFDUGR:DYHVRIWZDUH WKHEDVLFSDUDPHWHUV VXFKDVF\OLQGHU GLPHQVLRQVSLSHGDWDDQG WKHPRVW
JHQHUDOHQJLQHSDUDPHWHUVZHUHVHWDFFRUGLQJWRWKHSURWRW\SHHQJLQHSDUDPHWHUV
7DEOH<$10$57)0(QJLQHSDUDPHWHUV
3DUDPHWHU 9DOXH>8QLW@
1XPEHURIF\OLQGHUV >@
)XHOFRQVXPSWLRQ >OLWHUVSHUKRXU@
5HYROXWLRQV >USP@
5DWHGFRQWLQXRXVRXWSXW >N:@
%RUH >PP@
VWURNH >PP@
'LVSODFHPHQW >OLWHUV@
6LQFHRQO\/DWH,QWDNH9DOYH&ORVLQJ/,9&ZDVDQDO\]HGLQWKLVSURMHFWWKHLQWDNHYDOYHFORVLQJ
WLPLQJ ZDV DGMXVWHG 7KH PRGLILFDWLRQ ZDV GRQH YLD WKH VHOIFRQWDLQHG YDOYH SDQHO DQG SUHFLVH
FORVLQJWLPLQJZDVJRWWKURXJKDVHULHVRIFDOFXODWLRQDQGHYHQWXDOO\&$GHOD\ ZDVFKRVHQDVWKH
PRVW DSSURSULDWH FORVLQJ WLPLQJ $V D VHFRQG LPSRUWDQW SDUW RI WKLV SURMHFW WXUERFKDUJHG0LOOHU
F\FOH ZDV DQDO\]HG RQ WKH EDVLV RI WKH IRUPHU 0LOOHU F\FOH PRGHO RQH WXUERFKDUJHU DQG RQH
FRPSUHVVRUZDVDGGHGLQWRWKH PRGHOZKLOHDOOWKHRWKHUSDUDPHWHUVLQFOXGLQJFORVLQJWLPLQJUHPDLQ
XQFKDQJHG7KHSDUDPHWHUVVHWRIWXUERFKDUJHUDQGFRPSUHVVRUZDVEDVHGRQJHQHUDOWXUERFKDUJHG
RQHF\OLQGHUGLHVHOHQJLQH (WKDQROZDVWKHQFKRVHQDVDNLQGRIVXEVWLWXWLRQRIGLHVHO YLDWKHVHOI
FRQWDLQHG IXHOVHWWLQJSDQHO LQ:$9(ZLWKDOO WKH RWKHUHQJLQHSDUDPHWHUVNHSWWKHVDPHZLWKWKH
IRUPHU0LOOHUF\FOHGLHVHOHQJLQH
0RGHOYDOLGDWLRQVZLWKHQJLQHWHVWGDWD
'LHVHOF\FOHPRGHO9DOLGDWLRQ
7KHVLPXODWLRQUHVXOWVZHUHYDOLGDWHGZLWKWHVWGDWDIURPWKH<$10$57)0DVWKHSURWRW\SH
(QJLQH SHUIRUPDQFH ZKLFK FRXOG EH UHYHDOHG E\ VHYHUDO W\SHV RI GDWD LQFOXGLQJ (QJLQH SRZHU
%6)&WKHUPDOHIILFLHQF\DQG12[HPLVVLRQXQGHUGLIIHUHQWHQJLQHRSHUDWLQJFRQGLWLRQV
   HQJLQH ORDGV $V LV VKRZHG LQ WDEOH  WKH WKH UDWHG FRQWLQXRXV RXWSXW RI WKH
SURWRW\SHHQJLQH<$10$57)0LV.:VRWKHDFWXDOYDOXHVRIHDFKSHUFHQWDJHVVKRXOG
EH.:.:.:.:DQG.:ZKLFKFRUUHVSRQGWRDQG
 HQJLQH ORDGV 2ULJLQDO GDWD RI WKHVH W\SHV RI SDUDPHWHU PHQWLRQHG DERYH ZDV FROOHFWHG E\
SUHYLRXVH[SHULPHQWVDQGZKRVHYDOLGDWLRQVUHVXOWVZLOOEHSURYLGHGVHSDUDWHO\
)LJXUH9DOLGDWLRQRQHQJLQHRXWSXWSRZHU
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ĞǆƉĞƌŝŵĞŶƚĂůĚĂƚĂ ^ŝŵƵůĂƚŝŽŶĚĂƚĂ
)LJXUH  VKRZHG WKH FRPSDULVRQ RI H[SHULPHQWDO DQG VLPXODWHG HQJLQH SRZHU GDWD 7KH UHVXOW
VKRZHG WKDWDVIRU(QJLQHSRZHUWKHJDSEHWZHHQH[SHULPHQWDODQGVLPXODWLRQGDWDLVPLQLPDODQG
DOOUHODWLYHHUURUVDUHXQGHU DQG LWFRXOGDOVREHVHHQ LQ ILJXUHWKDWWZRFXUYHVZHUHDOPRVW
RYHUODSSHG LQGLFDWLQJ WKH VLPXODWLRQ PRGHO FRXOG HVWLPDWH WKH HQJLQH SRZHU RXWSXW ZLWK JRRG
DFFXUDF\
%UDNH6SHFLILF)XHO&RQVXPSWLRQ%6)& LVDQ LPSRUWDQW LQGH[ZKLFKEHXVHGWRHYDOXDWH WKH IXHO
XVDJH )LJXUH  LQGLFDWHV WKDW ZKHQ WKH HQJLQH ORDG LV EHORZ  WKH YDOXH RI %6)& GHFUHDVHV
VKDUSO\ ZLWK WKH LQFUHDVH RI HQJLQH ORDG ZKLOH EH\RQG  HQJLQH ORDG WKH FKDQJH RI %6)&
EHFRPHVYHU\ VPDOOZLWK WKH ULVHRIHQJLQH ORDG%6)&GDWD IURP WKHVLPXODWLRQ LV VOLJKWO\ KLJKHU
WKDQWKDWIURPWKHH[SHULPHQWZLWKDQGHQJLQHORDGVZKLOHLWLVORZHU WKDQWKDWZLWK
ORZHQJLQHORDG$OOWKHVLPXODWHGGDWDLVFRQVLGHUHGDVUHDVRQDEOHZLWKDUHODWLYHHUURURIOHVVWKDQ

)LJXUH0RGHOYDOLGDWLRQUHVXOWVRQ%6)&
7KHYDULDWLRQRIWKHUPDOHIILFLHQF\DWGLIIHUHQWORDGVKDVDQRSSRVLWHWHQGHQF\ZLWK WKDWRIWKH %6)&
7KHUPDOHIILFLHQF\LQFUHDVHVUDSLGO\ZLWKWKHHQJLQHORDGFKDQJHVIURPWRDQGULVHVVORZO\
EH\RQG  HQJLQH ORDG$V VKRZQ LQ ILJXUH  WKH H[SHULPHQWDO GDWD LV VOLJKWO\ KLJKHU WKDQ WKH
VLPXODWLRQGDWDH[FHSWDWDQGHQJLQHORDG7KHELJJHVWGLIIHUHQFHEHWZHHQH[SHULPHQWDQG
VLPXODWLRQGDWDFDQEHFRQWUROOHGZLWKLQ LQGLFDWLQJRIWKHDFFXUDF\RIWKHPRGHO
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)LJXUH9DOLGDWLRQUHVXOWVRQWKHUPDOHIILFLHQF\
)LJXUH  VKRZHG WKH FRPSDULVRQ RI 12[ HPLVVLRQ EHWZHHQ WKH H[SHULPHQWDO GDWD DQG VLPXODWHG
UHVXOWV,WLVREYLRXVWKDWWKHELJJHVWHUURULVORZHUWKDQ ZKLFKPHWWKHH[SHFWDWLRQ+RZHYHULW
LVIRXQGIURP)LJXUH WKDWWKH12[HPLVVLRQLQFUHDVHVZLWKWKHHQJLQHORDGDQGLW¶OOLQFUHDVHIDVWHU
ZLWKKLJKHUHQJLQHORDGV7KHUHIRUH LWLVQRWVRKDUGWRPDNHDFRQFOXVLRQWKDWWKHKLJKHUHQJLQHORDG
FDXVHV WKH KLJKHU12[HPLVVLRQDQG WKH UHDVRQ IRU WKDW LVSUREDEO\ EHFDXVHRI WKH KLJKHUEXUQLQJ
WHPSHUDWXUHDQGPRUH GLIILFXOW\RIUHDOL]LQJDFRPSOHWHEXUQLQJZLWKKLJKHU HQJLQHORDGV
)LJXUH9DOLGDWLRQUHVXOWVRQ12[HPLVVLRQ
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
0LOOHUF\FOHPRGHOYDOLGDWLRQ
7KHDSSOLFDWLRQRI0LOOHUF\FOHLVWRDGMXVWWKHLQWDNHDQGH[KDXVWYDOYHFORVXUHDQGILQGRXWWKHEHVW
FORVLQJ WLPLQJ LQ RUGHU WR LPSURYH WKH HQJLQH SHUIRUPDQFH DQG RSWLPL]H WKH HQJLQH HPLVVLRQ
FKDUDFWHULVWLFV$VWKHPDLQWDVNRIWKLVUHVHDUFKLVWRLQYHVWLJDWHWKHHIIHFWLYHQHVVRIWKHODWHLQWDNH
YDOYHFORVLQJ/,9&0LOOHUF\FOHRQGLHVHOHQJLQHDQGILQGRXWWKHEHVWODWHFORVLQJWLPLQJVHYHUDO
GHOD\FUDQNDQJOHV&$&$&$&$&$ZHUHDQDO\]HGWRPDNHWKHFRPSDULVRQ
RIRXWSXWSRZHU%6)&DQG12[HPLVVLRQ %DVLFDOO\ DIWHU WKH LQWDNHVWURNHWKHSLVWRQ UHDFKHV WKH
%'& DQG WKH FRPSUHVVLRQ VWURNH VWDUWV IRU JHQHUDO 'LHVHO F\FOH WKH LQWDNH YDOYH ZLOO FORVH
DIWHUZDUGVEXWIRU0LOOHUF\FOHLW¶OOUHPDLQRSHQIRUDVKRUWSHULRGLQRUGHUWRH[KDXVWVRPHSDUWRI
PL[JDVLQSXWGXULQJWKHFRPSUHVVLRQVWURNHDQG WKHQDWXUHRIGHOD\FUDQNDQJOHLVWKHFUDQNDQJOH
DIWHUWKHSLVWRQUHDFKHVWKH%'&XQWLOWKHLQWDNHYDOYHFORVHV 7KHGDWDLQWKHIROORZLQJILJXUHVDQG
WDEOHVVKRZHGWKHFRPSDULVRQUHVXOWV
)LJXUH2XWSXWSRZHUXQGHUVL[FRQGLWLRQV
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)LJXUH%6)&XQGHUVL[FRQGLWLRQV
)LJXUH12[HPLVVLRQXQGHUVL[FRQGLWLRQV
&RQFOXVLRQFRXOGEHPDGHLQWHUPVRIWKHFRPSDULVRQV DERYHWKDW0LOOHUF\FOHFDQDIIHFWWKHHQJLQH
12[HPLVVLRQFKDUDFWHULVWLFV D ORWDQGEULQJVLJQLILFDQW UHGXFWLRQ WR LW ZKLOH WKH LPSDFWRQHLWKHU
RXWSXW SRZHU RU %6)& ZDV UHODWLYHO\ OHVV )RU WKLV UHDVRQ WKH GHFLVLRQ RI FKRRVLQJ WKH PRVW
PRGHUDWHGHOD\DQJOHVKRXOGEHPDGHWKURXJKFRPSDULVRQ RQVRPHRWKHUSDUDPHWHUV7KHIROORZLQJ
WDEOHVVKRZHGWKHFRPSDULVRQRIVRPHRWKHUVLPXODWLRQGDWD&2+&H[KDXVWJDVWHPSHUDWXUH
7DEOH&2HPLVVLRQXQGHUILYH FRQGLWLRQV
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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$V VKRZQ LQ WKHVH WKUHH WDEOHV DERYH WKHUH¶V QR VXFK FRQVLGHUDEOH GLIIHUHQFH RQ H[KDXVW JDV
WHPSHUDWXUHDQG+&HPLVVLRQ SHUIRUPDQFHZLWKGLIIHUHQWDQJOHVZKLOH E\FRPSDULQJFRQVHTXHQFH
RI&2HPLVVLRQVKRZVWKDWWKHHPLVVLRQYDOXHLQFUHDVHVZLWKWKHLQFUHDVHRIFUDQNDQJOH0HDQZKLOH
IRUDOORIWKUHHLWHPVZKHQWKHDQJOHZDV&$WKH FRUUHVSRQGLQJYDOXHZDVWKHORZHVW 7KHUHIRUH
FRQFOXVLRQFRXOGEHPDGHWKDWUHODWLYHO\VSHDNLQJ&$FRXOGSURYLGHWKHEHVWEXUQLQJFRQGLWLRQ
DQGSURGXFHWKHEHVWHQJLQHHPLVVLRQSHUIRUPDQFHVR&$GHOD\RILQWDNHYDOYHFORVXUHZDVXVHG
LQWKHVLPXODWLRQPRGHO
7XUERFKDUJHG0LOOHUF\FOHPRGHOYDOLGDWLRQ
7KHPDLQ WDVN RI EXLOGLQJ D 7XUERFKDUJHG0LOOHU F\FOH HQJLQH PRGHOZDV WR DGG D WXUERZLWK D
FRPSUHVVRULQWRWKHIRUPHUPRGHODQGFRPSOHWHWKHSDUDPHWHUV¶VHWWLQJSURFHVV)RUWKHUHDVRQWKDW
WKH HQJLQHZDV WXUERFKDUJHG WKH HQJLQH EUDNH SRZHU DQG%6)&ZRXOG FHUWDLQO\ EH DIIHFWHG DQG
UHTXLUHG WREHYDOLGDWHG7DEOH  VKRZHGWKHFRPSDULVRQRIEUDNHSRZHUDQG%6)& LQERWKWXUER
FKDUJHG0LOOHUF\FOHHQJLQHDQGWKHFRQYHQWLRQDO'LHVHOF\FOHHQJLQH
7DEOH 7KHFRPSDULVRQEHWZHHQ'LHVHOF\FOHHQJLQHDQGWXUERFKDUJH0LOOHUF\FOHHQJLQH
(QJLQH
/RDG
%UDNHSRZHU.: %6)&JN:K
'LHVHO 70LOOHU 'LHVHO 70LOOHU
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,W LVREYLRXV WKDW WXUERFKDUJLQJGLG EULQJ WKHHQJLQHD KXJH UDQJHRIFKDQJHRQEUDNHSRZHUDQG
%6)&$VIRUWKHWUHQGEUDNHSRZHUURVHZLWKWKHHQJLQHORDGVDQGWKHUDQJHRI LQFUHDVHURVHZLWK
WKH HQJLQH ORDGV DV ZHOO :H FRXOG OHDUQ IURP WKH FKDUW WKURXJK DQDO\VLV WKDW %6)& VLPLODUO\
FKDQJHGZLWKHQJLQHORDGVEXWWKHRULHQWLVULJKWRSSRVLWHWRZKLFKEUDNHSRZHUZHQWDQGWKHUDQJH
ZDV UHODWLYHO\ VPDOOHU7KHVHFKDQJHVPHQWLRQHGDERYHDOOPHW WKH UHJXODU WUHQGVRI WXUERFKDUJHG
HQJLQH RQ EUDNH SRZHU DQG IXHO FRQVXPSWLRQ WKHUHIRUH WXUERFKDUJHG0LOOHU F\FOH HQJLQH PRGHO
EXLOGLQJSURFHVVZDVDFFRPSOLVKHG

5HVXOWVDQGGLVFXVVLRQV
0LOOHUF\FOH
$VPHQWLRQHGDERYHWKDW&$GHOD\RILQWDNHYDOYHFORVXUHZDVXVHGLQWKHVLPXODWLRQPRGHODQG
WDEOHVKRZHGWKHFRPSDULVRQRI12[HPLVVLRQEHWZHHQ0LOOHUF\FOHDQG'LHVHOF\FOHDQGZKRVH
WHQGHQF\FRXOGEHFOHDUO\VHHQRQ)LJXUH 
)LJXUH12[FRPSDULVRQEHWZHHQ'LHVHOF\FOHDQG0LOOHUF\FOH
7KH12[ HPLVVLRQ RI ERWK0LOOHU F\FOH DQG'LHVHO F\FOH LQFUHDVHZLWK WKH HQJLQH ORDGZKLOH WKH
12[ HPLVVLRQ RI0LOOHU F\FOH LV DOZD\V ORZHU WKDQ WKDW RI WKH'LHVHO F\FOH  ORZHU RUPRUH
:KHQ WKHHQJLQH LVRSHUDWHGDW IXOO ORDG  WKH12[HPLVVLRQRI0LOOHUF\FOH LV ORZHU
7KLVLQGLFDWHVWKDW0LOOHUF\FOHLVDEOHWREULQJFRQVLGHUDEOHUHGXFWLRQRQ12[HPLVVLRQFRPSDUHG
ZLWKFRQYHQWLRQDOGLHVHOHQJLQHF\FOHHVSHFLDOO\ZKHQWKHHQJLQHLVUXQQLQJDWKLJKORDG
7XUERFKDUJHG0LOOHUF\FOH
$VLVVKRZHGLQ7DEOH WKHYDOXHRI12[HPLVVLRQSURGXFHGE\WXUERFKDUJHG0LOOHUF\FOHHQJLQH
ZDV VOLJKWO\ UHGXFHG FRPSDULQJ ZLWK WKDW SURGXFHG E\ FRQYHQWLRQDO 'LHVHO F\FOH HQJLQH
QHYHUWKHOHVVWKHUHGXFWLRQUDQJHZDVUHODWLYHO\VPDOO
7DEOH7KH12[HPLVVLRQFRPSDULVRQEHWZHHQ'LHVHOF\FOHHQJLQHVDQGWXUERFKDUJH0LOOHUF\FOHHQJLQH
(QJLQH
/RDG
12[HPLVVLRQSSP
5HGXFWLRQUDQJH
'LHVHO 70LOOHU
   
Ϭ
ϮϬϬ
ϰϬϬ
ϲϬϬ
ϴϬϬ
ϭϬϬϬ
ϭϮϬϬ
Ϭй ϮϬй ϰϬй ϲϬй ϴϬй ϭϬϬй ϭϮϬй
E
K
ǆĞ
ŵ
ŝƐƐ
ŝŽ
Ŷ;
ƉƉ
ŵ
Ϳ
ŶŐŝŶĞůŽĂĚ;йͿ
DŝůůĞƌĐǇĐůĞ ŝĞƐĞůĐǇĐůĞ

   
   
   
   
)LJXUH VKRZVWKHFRPSDULVRQOLQHFKDUWRI12[HPLVVLRQRI'LHVHOF\FOH0LOOHUF\FOHDQGWXUER
FKDUJHG0LOOHUF\FOH,WLVIRXQGWKDW0LOOHUF\FOHLVDEOHWRUHGXFH12[HPLVVLRQE\DODUJHPDUJLQ
WRZKLOH WKHYDOXHURVHEDFNWRWKHIRUPHUOHYHOZKLFK LVVLPLODU WRZKDWSURGXFHGE\
FRQYHQWLRQDO 'LHVHO F\FOH HQJLQHV DIWHU WXUERFKDUJLQJ LV DSSOLHG 7KH UHDVRQ LV WKDW EXUQLQJ
WHPSHUDWXUHDVWXUERFKDUJHGHQJLQHZRXOGQRUPDOO\FRPHZLWKKLJKHUEUDNHSRZHUDQGWHPSHUDWXUH
LQ WKH F\OLQGHUV DQG KLJKHU EXUQLQJ WHPSHUDWXUH ZRXOG FDXVH KLJKHU 12[ HPLVVLRQ YDOXH DV IRU
PDQ\W\SHVRIHQJLQH7KHUHIRUH WXUERFKDUJLQJWHFKQRORJ\FDQQRWPDNHVLJQLILFDQWFRQWULEXWLRQRQ
WKHUHGXFWLRQRI12[HPLVVLRQWR0LOOHUF\FOH
)LJXUH12[FRPSDULVRQEHWZHHQ'LHVHOF\FOH0LOOHUF\FOHDQG70LOOHUF\FOH
0LOOHUF\FOHZLWKHWKDQRO
$SSO\LQJ ELRIXHO IRU VXEVWLWXWLQJ IRVVLO IXHO KDV DOZD\V EHHQ FRQVLGHUHG DV RQH RI WKH SURPLVLQJ
WHFKQRORJLHV IRU LQWHUQDO FRPEXVWLRQ HQJLQHV LQ WKH IXWXUH ,Q WKLV UHVHDUFK LQ RUGHU WR IXUWKHU
LPSURYHWKHHPLVVLRQSHUIRUPDQFHRI0LOOHUF\FOHHQJLQH0LOOHUF\FOHZLWKHWKDQRODVWKHIXHOZDV
FDUULHGRXW7DEOHVKRZHGWKHFRPSDULVRQRI WKH12[HPLVVLRQYDOXHEHWZHHQWKH IRUPHU0LOOHU
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F\FOH HQJLQH PRGHO DQG HWKDQRO IXHOHG 0LOOHU F\FOH HQJLQH PRGHO DQG WKH 12[ HPLVVLRQ YDOXH
EHWZHHQ'LHVHOF\FOHDQGHWKDQROIXHOHG'LHVHOF\FOH
7DEOH 7KHFRPSDULVRQRI12[HPLVVLRQEHWZHHQGLHVHODQGHWKDQRO
(QJLQHORDG

'LHVHO
F\FOH
'LHVHO
F\FOH
ZLWK
HWKDQRO
5HGXFWLRQ
UDQJH
0LOOHU
F\FOH
0LOOHUF\FOH
ZLWKHWKDQRO
5HGXFWLRQ
UDQJH
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,WFDQEHFRQFOXGHGIURP7DEOHWKDW WDNLQJHWKDQRODVVXEVWLWXWLRQIXHOGLGEULQJDODUJHUHGXFWLRQ
RQ12[HPLVVLRQLQDFHUWDLQH[WHQWDQGWKHUDQJHRIUHGXFWLRQZRXOGEHIURPWR2QWKH
RWKHUKDQGLIXVLQJHWKDQRODVVXEVWLWXWLRQIXHOLQ'LHVHOF\FOH12[HPLVVLRQFRXOGDOVREHUHGXFHG
WRMXVWVOLJKWO\KLJKHUWKDQWKHUHGXFWLRQFRPHVIURP0LOOHUF\FOH WKHUHIRUHWKLVUHGXFWLRQFRXOGEH
FRQVLGHUHG DV D FRQVLGHUDEOH LPSURYHPHQW DQG ZH DUH DEOH WR VD\ WKDW WKH DGYDQWDJHV DUH SDUWO\
REWDLQHGE\XVLQJ0LOOHUF\FOH
7XUERFKDUJHG0LOOHUF\FOHZLWKHWKDQRO
7KHODVWVHFWLRQRIWKHLQYHVWLJDWLRQRI0LOOHUF\FOHLVDERXWWKHFRPELQDWLRQRI0LOOHUF\FOHZLWKWKH
ELRIXHODVZHOODVZLWKWKHWXUERFKDUJHU$SSO\LQJWKRVHWKUHHSDUWVLQWRWKHHQJLQHVLPXOWDQHRXVO\
WKH LPSDFW RI WKH FRPELQDWLRQ WR WKH HPLVVLRQ SHUIRUPDQFH RI HQJLQHV FRXOG EH GHULYHG E\
VLPXODWLRQ ,Q WKLV VHFWLRQ WKH VHWWLQJ RI WKH WXUERFKDUJLQJ V\VWHPZDV WRWDOO\ DV FRQVLVWHQW DV WKH
YDOXHRI WKH VWHS LQ WKH VHFRQGVHFWLRQ(WKDQROZDVVWLOO VHOHFWHGWR VXEVWLWXWHGLHVHO DV WKHHQJLQH
IXHODQGHDFK VWHSZDVH[DFWO\WKHVDPHOLNHODVWVHFWLRQZKLFKZRQ¶WEHQHFHVVDU\WRUHSHDWRUUHYHDO
PRUHGHWDLOVRILW

$IWHU WKH ZKROH SURFHVV ZDV DFFRPSOLVKHG WKH 12[ HPLVVLRQ RI WKH WXUERFKDUJHG 0LOOHU F\FOH
HQJLQHDIWHUWDNLQJHWKDQRODVVXEVWLWXWLRQIXHOZRXOGEHDQDO\VHGDQGFRPSDUHGZLWKWKHIRUPHUGDWD
ZKLFKFDPH IURP WXUERFKDUJHG0LOOHUF\FOHHQJLQHPRGHOHVWDEOLVKHGEHIRUH7DEOH  VKRZHGWKH
FRPSDULVRQRIWKH12[HPLVVLRQYDOXHEHWZHHQWKHIRUPHUWXUERFKDUJHG0LOOHUF\FOHHQJLQHPRGHO
DQGHWKDQRODGGHGWXUERFKDUJHG0LOOHUF\FOHHQJLQHPRGHO
7DEOH 7KHFRPSDULVRQRI12[HPLVVLRQEHWZHHQWXUERFKDUJHGDQGQRQHWXUERFKDUJHG
(QJLQHORDG 7XUERFKDUJHG0LOOHUF\FOHRQO\
7XUERFKDUJHG0LOOHU
F\FOHZLWKHWKDQRO 5HGXFWLRQUDQJH
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7DEOHUHYHDOHGWKDW12[HPLVVLRQRIWXUERFKDUJHGPLOOHUF\FOHZLWKHWKDQROZDVUHGXFHGLQWKH
UDQJH RI  WR  FRPSDULQJZLWK WKDW RI WXUERFKDUJHG GLHVHO0LOOHU F\FOH LQ WKLVPRGHO
7KHUHIRUH WDNLQJ HWKDQRO DV IXHO FDQ HIIHFWLYHO\ LPSURYH WKH SHUIRUPDQFH RI 12[ H[KDXVWLQJ LQ
HQJLQHV ZKHWKHU LW LV D WXUERFKDUJHG RQH RUQRW)XUWKHUPRUHFRPSDULQJZLWK7DEOHZHFRXOG
ILQG WKDW WKH UHGXFWLRQ UDQJHV LQ WKHVH WZR W\SHV RI HQJLQH PRGHO DUH TXLWH VLPLODU DQG ZKLFK
SURGXFHGE\ WKHWXUERFKDUJHGHQJLQHLVVOLJKWO\ORZHUWKDQWKHQRQHWXUERFKDUJHGHQJLQH
3DUWLFXODWHHPLVVLRQV
6LQFH WKH VWXG\ RQ SDUWLFXODWH HPLVVLRQV FKDUDFWHULVWLFV ZDV FRQVLGHUHG DV D VSHFLILF ILHOG WKH
LQYHVWLJDWLRQ RI WKH LPSDFW RI0LOOHU F\FOH WR SDUWLFXODWH HPLVVLRQV LQ WKLV UHVHDUFKZDV VHW DV DQ
LQGHSHQGHQWVHFWLRQKHUHDQGDIWHUSOHQW\RIVLPXODWLRQH[SHULPHQWVZHUHUXQWKHYDOXHRISDUWLFXODWH
HPLVVLRQVXQGHUYDULRXVFLUFXPVWDQFHV'LHVHOF\FOH0LOOHUF\FOHWXUERFKDUJHG0LOOHUF\FOHZHUH
DQDO\]HG7DEOHVKRZHGWKHFRPSDULVRQRIWKHSDUWLFXODWHHPLVVLRQV
,W LV QHFHVVDU\ WRPHQWLRQ WKDW EHFDXVH WKH SUHYLRXV LQMHFWPDVVZDV WRR ORZ WR VHH WKH UHVXOW RI
SDUWLFXODWHHPLVVLRQVDQHZVHULHVRILQMHFWPDVVZDVVHWLQWKHHQJLQHPRGHORQO\LQWKHSXUSRVHRI
JHWWLQJWKHILQDOGDWDRIWKHLPSDFWRI0LOOHUF\FOHDQGZKDWWXUERFKDUJHUZRXOGEULQJWRSDUWLFXODWH
HPLVVLRQV1HYHUWKHOHVVLQWKHSURFHVVRIWKHQHZVHULHVRILQMHFWPDVVVHWLWZDVXQOLNHO\WRPDNHLW

DFFXUDWHLIXVLQJWKHSUHYLRXVRQHWRH[SDQGLQSURSRUWLRQ2QWKHRWKHUKDQG LQRUGHUWRPDNHWKH
FRPEXVWLRQQRWWKDW OHDQ WKHDLUIXHOUDWLRZDVVHWIURPWR ULVLQJJUDGXDOO\ZKLFK LQGLFDWHG
HDFKFDVHRIHQJLQHORDGV DQGWKHLQMHFWPDVVLQHDFKFDVHZDVDOVR
FDOFXODWHGWKURXJKWKLVPHWKRGDQGHDFKFRUUHVSRQGLQJDPRXQWLV PJPJPJPJ
PJ
7DEOH 7KHFRPSDULVRQRISDUWLFXODWHHPLVVLRQ
(QJLQH
/RDG
3DUWLFXODWH(PLVVLRQJ.:K
'LHVHOF\FOH 0LOOHUF\FOHRQO\ 7XUERFKDUJHG0LOOHUF\FOH
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